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Monson! recommended that the “role of the
occupational epidemiologist must evolve into that
of a person who assists in the setting of standards
of exposure rather than that of a person who mea-
sures adverse effects of exposure.” Burke? ex-
pressed similar concerns in discussing the role of
epidemiology in developing federal, state, and
local exposure limits: “[E]pidemiology is cur-
rently playing an increasing role in contemporary
regulatory issues. . . . results of epidemiologic
studies are being used by regulators to guide deci-
sions. Shouldn’t epidemiologists participate in de-
termining how their data are applied?”

Monson and Burke suggest that occupational
epidemiologists become active participants in the
risk assessment process. After all, who knows the
strengths and weaknesses of a study better than
the occupational epidemiologist? Furthermore,
exposure-response studies are rarely done out of
mere scientific curiosity. Usually there is strong
evidence that a substance causes one or more dis-
eases, and it is desirable to quantify the risk or
likelihood of developing such diseases in re-
sponse to average or cumulative exposure or
some other valid measure of exposure. The re-
searcher knows and, in fact, expects that eventu-
ally a risk assessor will try to apply the study
results in some practical, useful sense. Con-
sequently, epidemiologists should be advocates of
their research; that is, effective risk communica-
tors who transmit their results and recommenda-
tions to risk assessors and risk managers, especially
if their work reliably suggests that a current occu-
pational exposure limit (OEL) is inadequate to the
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task of protecting exposed workers. But first, it is essential to understand how OELs
are used by company-level risk managers—industrial hygienists3-—to assess and
control occupational exposures.

This chapter discusses occupational exposure limits (OELSs) for chronic disease
agents both as a product of occupational exposure risk assessment and as an essen-
tial component of occupational exposure risk management.* Topics include:

* the OEL concept as an essential link to occupational epidemiology

* how OELs are used as a tool in occupational exposure (risk) management

* the process of setting an OEL
Along the way several themes should emerge:

* An OEL minimally consists of three components: concentration, averaging
time, and target (usually the individual worker). Changing any component re-
sults in a modified OEL, designated as OEL’ (pronounced OEL prime). The
OEL can be modified in many ways such that the resulting OEL’ will not pro-
vide the same level of protection as the original OEL.

* An OEL for chronic disease agents is often based on a long-term, working-
lifetime mean exposure that is perceived as acceptable for groups of workers.
However, the OEL is defined as an upper limit for each single-shift TWA ex-
posure. This is the only practical way of ensuring that the true long-term,
working-lifetime mean exposure of each employee is maintained at protective
levels and also provides a practical means of accounting for the uncertainty in
the risk assessment that led to the OEL.

* Once an OEL is established, exposure (risk) management should be viewed as
a quality control problem: the distribution of exposures for each worker
should be controlled so that exposures rarely exceed the “upper control limit”
(i.e., the OEL).

* The measurement and control of occupational exposures are similar in con-
cept to the medical management of nonoccupational risk factors, such as ele-
vated cholesterol. Consequently, those charged with risk assessment (i.e.,
occupational exposure management) responsibilities in each company should
focus on ensuring that risk to each employee is continually controlled. This
requires monitoring at regular intervals.

This chapter frequently refers to risk assessors and risk managers— terms that
are sometimes used interchangeably or given widely different interpretations. To
avoid confusion, the following conventions are adopted for this chapter: (1) because
OELs are the end result of a risk assessment process, risk assessors are responsible
for setting an OEL, and (2) risk managers are responsible for recognizing, evaluat-
ing, and controlling exposures.

OCCUPATIONAL EXPOSURE LIMITS
AND OCCUPATIONAL EPIDEMIOLOGY

Occupational exposure limits are the essential link between the process of risk
assessment and the practice of risk management.’ Although toxicology and animal
studies are often reviewed and considered, for chronic disease agents it is often the
exposure-response relationships from one or a handful of epidemiologic studies that
form the basis for an OEL. In many cases the OEL represents a compact, distilled
form of the relevant occupational epidemiology.

At its most basic, an OEL has three components: concentration, averaging time,
and target.® For example, in 1987 the Occupational Safety and Health Admini-
stration’ (OSHA) adopted a permissible exposure limit (PEL) for benzene of 1 pPpm
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and specified the averaging time as a single shift (8 hours).® The target of all legal
and most authoritative OELs is the individual worker. For example, legal OELs,
such as OSHA’s PELs, and authoritative OELs, such as the recommended exposure
limits (RELs) of the National Institute for Occupational Safety and Health (NIOSH)
and the threshold limit values (TLVs) of the American Conference of Governmental
Industrial Hygienists (ACGIH), are intended in principle to be applied to the expo-
sures experienced by each employee. It is conceivable, however, that a company
will devise a corporate OEL that has another target, such as an exposure group, work
area, task, or occupation.

The level of protection afforded the individual worker will change if any of the
components of an OEL are modified from those originally defined or intended by
the risk assessor. For example, the level of protection is increased when a company
sets and meets an internal OEL that is less than the legal limit. On the other hand,
the level of protection is reduced if a company has a policy of comparing the aver-
age of multiple time-weighted average (TWA, the average concentration across a
single work shift) measurements to a legal or authoritative OEL in which the aver-
aging time was originally defined as a single shift. (Other means of reducing the
nominal level of protection are discussed later.)

The process of setting or revising an OEL, especially at the federal level, can be
cumbersome. As a result, OSHA’s PELs are approaching 30 years of age. Considering
that Congress may require extensive federal risk assessments,® we may soon reach the
point of near stagnation in regard to new or revised federal OELs. Consequently, in-
dustrial hygienists have come to rely increasingly on OELs developed by authoritative
bodies, such as the ACGIH, American Industrial Hygiene Association (AIHA), and
NIOSH. For substances without OELs or newly created substances (e.g., pharmaceuti-
cals), companies often develop internal or corporate OELs. 51011

For purposes of discussion we can divide risk assessors into governmental and
nongovernmental agents. Governmental risk assessors are generally required to im-
plement a comprehensive process of risk assessment.!2 A reading of OSHA’s pream-
ble to the 1987 benzene standard gives insight into the extensive process that now
precedes the issuance of new or revised PELs. NIOSH’s 1995 criteria document for
respirable coal mine dust! is also worth reviewing, because it conforms closely to
the current federal risk assessment model. The REL was based on consideration of
epidemiology, sampling and analytic feasibility,* and technologic feasibility.

Nongovernmental risk assessors, such as the ACGIH and the AIHA, often uti-
lize a less rigorous risk assessment process that gives diminished weight to techno-
logic feasibility and lacks the mandate to protect “all” workers. Companies
producing or using chemicals for which there are no federal or authoritative OELs
often devise interim, company-specific OELs. !

RISK ASSESSMENT, RISK MANAGEMENT,
AND RISK COMMUNICATION

Risk assessment, risk management, and risk communication are known as the
triad of risk science. The definition of each may differ, depending on one’s
viewpoint. For example, the National Research Council'? defined the concepts
of risk assessment and risk management as they pertain to the agencies of the fed-
eral government charged with regulating environmental and occupational contam-
inants, drugs, and toxic substances in foods. Corporate or plant-level risk
assessors and risk managers, academicians, and consultants may have slightly dif-
ferent definitions.
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Risk Assessment

The National Research Council (NRC)'? defined risk assessment at the federal
level as “the qualitative or quantitative characterization of the potential health ef-
fects of particular substances on individuals or populations”. Governmental risk as-
sessment can be broken down into four steps,'!%: (1) hazard identification, (2)
dose-response assessment, (3) exposure assessment, and (4) risk characterization.
According to the NRC, risk assessors assemble, analyze, and compare the health ef-
fects data. This information is then handed to the risk managers who are responsible
for setting the air quality standard or occupational exposure limit after weighing the
costs and examining feasibility issues. Others tend to view the recommendation of a
reasonably “safe” level of exposure as the logical endpoint of the “risk assessment”
process. Leung and Paustenbach’® noted that

A true risk assessment to determine safe levels of occupational exposure [emphasis

added] actually requires exhaustive analysis of all the information obtained from studies

of mutagenicity, acute toxicity, subchronic toxicity, chronic studies, pharmacokinetics,

metabolism data, and epidemiology before a limit is recommended.

For Hallenbeck!” the process of risk assessment involves identifying a potential hazard,
characterizing its adverse effects in humans, animals, or cellular tests; determination of
the relationship between dose or exposure and response; characterizing the exposures
experienced by those employees in contact with the agent and the incidence or preva-
lence of disease; and, finally, the “recommendation of an acceptable concentration in
air, food, or water.” As stated before, this view is adopted in the present chapter.

Risk Management

The NRC'? defined risk management as “the process of evaluating alternative
regulatory options and selecting among them” and noted that a “risk assessment may
be one of the bases of risk management.” Risk management involves “value judg-
ments” after considering the estimates of actual risk, the perceptions of risk in ex-
posed populations and target industries, and the benefits and costs of control
measures. In principle, a federal agency manages risk to the nation’s workers in sev-
eral ways: (1) by setting an OEL (concentration, averaging time, and target), (2) by
requiring a minimal level of baseline monitoring and occasional resampling, (3) by
requiring that exposures be adequately controlled, (4) by requiring a minimal level
of medical monitoring, and (5) by occasionally auditing, through unannounced in-
spections, each company’s ability to manage risk for its employees.

From the perspective of the plant manager or employer and the plant industrial
hygienist, risk assessment is the process undertaken by the federal government or
some authoritative organization to generate an OEL and related requirements. Risk
management begins when the plant manager or employer hires the necessary staff or
consultants and provides the resources for baseline evaluations, baseline exposure
monitoring, periodic remonitoring, medical monitoring, and implementation and
maintenance of controls, if necessary.

The first step in the process of risk management is the responsibility of the plant
industrial hygienist: recognition that the hazardous substance is present in the plant.
For the industrial hygienist the OEL is viewed as the output of a valid risk assessment
process and functions as a practical tool for classifying work environments as either
acceptable or unacceptable. The industrial hygienist accepts the concentration, aver-
aging time, and target as specified, either explicitly or implicitly, by the OEL and
seeks to maintain exposures at levels less than the OEL. The industrial hygienist
utilizes the resources made available by upper management and determines whether
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the risk of disease is properly and effectively managed for each employee under the
industrial hygienist’s care. For the industrial hygienist, risk management— or, as
some call it, occupational exposure management—consists simply of the traditional
industrial hygiene triad of recognition, evaluation, and control. It can be safely said
that the industrial hygienist is the ultimate occupational exposure (risk) manager.'s

Risk Communication

At the federal level risk communication takes the form of OSHA and MSHA ex-
posure standards and regulations, NIOSH-recommended exposure limits and publica-
tions, and the various OSHA, MSHA, and NIOSH training and educational programs.
Risk communication to individual workers primarily falls to the industrial hygienist.'

CONSIDERATIONS WHEN SETTING OELS

In interpreting the occupational epidemiology and establishing an OEL, the
risk assessor must address several issues. Three are considered here:

» Extrapolating from cohort to individual worker

* Selecting a level of “significant risk”

* Controlling lifetime risk with measurements of single-shift exposures

Extrapolating from Cohort to Individual Worker

In studies in which historical exposure data are available, the occupational epi-
demiologist constructs job-exposure matrices to determine the cumulative or average
exposure of each member of the cohort for the period of the study. Consequently, the
exposure experience of an exposure group is assigned to each worker in that group
for each observation period, commonly each month or year of the study. Because in-
dividual workers move from group to group for differing amounts of time, the range
of cumulative or average exposures may vary substantially, resulting in unique pairs
of response measurements and cumulative or average exposures. The exposure-re-
sponse analysis focuses on estimating the expected average response corresponding
to specific levels of cumulative or average exposure. It is often possible, even desir-
able, to determine the cumulative or average exposure corresponding to a level of
“significant risk.” However, the level of response or risk at any average or cumula-
tive exposure is an average level for a hypothetical group. Some individuals within
the hypothetical group will experience a higher risk and others a lower risk.22! The
range of these differences reflects lack of knowledge about such factors as individ-
ual sensitivity and the fact that the estimates of exposure are usually crude and
group-based and do not capture true individual exposure differences.

How then does one translate an acceptable average or cumulative exposure for
a hypothetical exposed group to an individual worker? This question is relevant for
two reasons:

1. Federal laws (and common sense) mandate that each worker or miner has a
right to expect, to the extent possible, “safe and healthful working conditions”
throughout his or her working life.222* Thus risk managers at the corporate and plant
level must control exposures and manage the risk of disease for each employee. It is
not sufficient that the exposures are, on average, acceptable within an exposure
group or across a plant or industry, because some individuals within the group will
experience, on average, greater exposures.2 In summary, the risk of disease should
be properly managed for each employee.

2. Companies are increasingly aware that both OELs—federal, authoritative, or
corporate—and effective risk management are necessary to minimize both employee
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injury claims and “product liability suits” on the part of users of chemical products.!!
Again, it is necessary to set an OEL that is considered protective for each exposed
individual and not just for some larger exposed population.

Selecting a Level of Significant Risk

The concept of “significant risk” has received a great deal of attention in regard
to carcinogenic agents. OSHA now uses guidance provided by the U.S. Supreme
Court and considers a risk of 1-in-1000, for a working lifetime, as significant (i.e.,
unacceptable) and necessitating some sort of regulatory action.?* OSHA recently re-
quested guidance in defining significant risk for noncarcinogenic disease end-
points2> NIOSH'? referred to the significant risk concept of 1-in-1000 when
recommending an exposure limit for respirable coal mine dust, a noncarcinogen that
can produce irreversible disease.

The ACGIH has no stated policy regarding significant risk. TLVs are set at
values that are “believed” to be protective of “nearly all workers.” Many TLVs are
based on concentrations with “no observed effect,”as reported in the literature, or
levels at which the risk does not significantly exceed the risk in unexposed workers.
Few, if any, TLVs are based on a rigorous risk assessment process with the goal of
reducing risk to the 1-in-1000 guideline established during the OSHA benzene de-
liberations.? (This is not to say that TLVs are invalid, because they are often modi-
fied to reflect current health effects in the literature and may result in recommended
control values more stringent that those of OSHA or NIOSH.)

Controlling Lifetime Risk with Single-Shift TWA Measurements

For purposes of risk assessment, it is desirable to estimate long-term cumula-
tive or average exposures.?’ For purposes of risk management, it is usually not feasi-
ble to estimate the long-term average exposure of each employee.28 The general
practice is to set a single-shift OEL equal to the long-term average exposure that ap-
pears to be acceptable or suitably protective, based on €xposure-response analyses.
This practice recognizes (1) the need to devise OELSs that can be used for purposes
of day-to-day risk management, (2) the need to control the long-term, working-life-
time exposure of each individual worker to protective levels, and (3) the philosophi-
cal requirement that each OEL embody a safety factor.

Consequently, in a “controlled” work environment exposures rarely or infre-
quently exceed the OEL. The expectation is that by limiting the fraction of €xpo-
sures exceeding an OEL, the true long-term mean exposure is indirectly controlled
to an acceptable level for each individual. During its deliberations over revision of
the benzene PEL, OSHA considered proposals for defining the PEL as either a 5-
shift, 40-hour average or a long-term mean, calculated from n measurements col-
lected over some defined period.” OSHA rejected these proposals as difficult to
implement both by OSHA, when conducting inspections, and by most employers.
Furthermore, OSHA observed that a long-term average exposure at the benzene PEL
still contained significant residual risk. OSHA reasoned that only by defining the
PEL as a limit for each single-shift TWA will individual workers be adequately pro-
tected. The NIOSH RELs are based on this philosophy, and it appears that the
ACGIH TWA TLVs are also consistent with it.

In summary, occupational epidemiologists and risk assessors may think in
terms of long-term, working-lifetime exposures when extracting protective exposure
levels from €xposure-response relationships; however, in suggesting acceptable
levels of exposure for day-to-day risk management by industrial hygienists, the OEL
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should reflect the fact that exposures for chronic disease agents are measured across
one shift at a time, and, given typical practices in industry, few measurements are
available for any particular worker.

USING OCCUPATIONAL EXPOSURE LIMITS TO CONTROL
EXPOSURES: CURRENT PRACTICE

A risk assessment of some sort is necessary to produce an OEL for a chronic
disease agent. However, once an OEL is established, concern shifts from risk assess-
ment to risk management. Risk management (also called occupational exposure
management) has long been recognized as basically a problem of “quality control”
or “statistical process control.”?'2>-33 In terms of statistical process control, the OEL
is an “upper specification limit” or “upper control limit.” Consequently, the objec-
tive of an effective exposure monitoring program is periodically to obtain sufficient,
valid, and representative exposure measurements so that the work environment for
each individual worker is accurately classified as either acceptable or unacceptable
for each “observation period.”* Also, the objective of an effective exposure control
program is to ensure that most, if not all, of the exposure measurements are less than
the TWA OEL.72!:3031.3640 Exposure monitoring is a long-term responsibility that
does not end until the substance in question is no longer used.* Processes change,
controls deteriorate, and new workers are introduced. thus there is always a need for
resampling and internal audits.?!

Exposures need not be controlled to the extent that absolutely no random expo-
sure ever exceeds a TWA TLV or TWA PEL. Even in a well-controlled work envi-
ronment an occasional outlier may occur (interpretation of a single over-exposure is
discussed later). Consequently, the practical goal of each employer or risk manager
is to provide each employee a “controlled” work environment; that is, an environ-
ment in which exposures rarely or infrequently exceed the OEL. Such a goal does
not lose sight of the fact that risk for chronic disease agents is usually best character-
ized by the average or mean exposure. By limiting single-shift excursions above the
TWA OEL, the true long-term mean exposure for each employee is indirectly main-
tained at a level well below the TWA OEL.735.3

The primary goal of any exposure assessment strategy should be to determine
whether the work environment is acceptable for each exposed worker. A common
secondary goal is to determine whether the work environment is in compliance with
the minimal requirements of a federal or state OEL.3” Three basic approaches have
evolved for determining the acceptability of a work environment:

* Individual-based exposure assessment strategies’

* Maximum risk employee-based exposure assessment strategies

* Group-based exposure assessment strategies

Individual-Based Exposure Assessment Strategy

Ideally, the exposures experienced by each employee should be regularly esti-
mated, preferably by several exposure measurements collected either in campaign
fashion (i.e., within a short period or during consecutive shifts) or across several
months. The industrial hygienist then estimates various exposure parameters; for ex-
ample, arithmetic and geometric means, 95th percentile exposure (and upper confi-
dence limit for the 95th percentile, also called the upper tolerance limit), and the
fraction of exposures expected to exceed the OEL. If the 95th percentile is less than
the OEL, one can state that apparently the distribution of exposures is suitably con-
trolled for the individual employee. If the 95% upper tolerance limit is less than the
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OEL one can state, with 95% confidence, that exposures are controlled. However,
regular monitoring of all exposed employees is, for practical reasons, not often im-
plemented. For some occupations or work environments, in which there are only a
few workers and exposures range from significant * to poorly controlled, periodic
montioing of 100% of workers is entirely feasible and necessary.

Maximum Risk Employee-Based Exposure Assessment Strategies

Early in the 1970s NIOSH and OSHA recognized the need for sampling strate-
gies and decision logics that would impose a “minimum burden to the employer
(i.e., risk manager) while providing adequate protection to the exposed employ-
ees.”* NIOSH devised an exposure assessment strategy designed around (1) selec-
tion of the “maximum risk employee” (MRE) or the “employee (per exposure
group) presumed to have the highest exposure risk,” and (2) collection of one or a
few exposure measurements. NIOSH reasoned that if the exposures of the MRE are
Judged acceptable, based on the NIOSH logic,*! then each individual worker in the
exposure group represented by the MRE is adequately protected. Consequently, al-
though the focus may be on one or more MREs per exposure group, the goal is to

-ensure that the exposures for each worker are adequately controlled.

The weaknesses of this strategy have been recognized.“4244 The primary prob-
lem is that the strategy has poor power in regard to detecting truly unacceptable
work environments.*2 However, even if NIOSH had recommended a statistically
sound, rigorously designed strategy, it would have been roundly criticized as im-
practical for businesses of limited means. OSHA incorporated versions of this strat-
egy in numerous 6(b) standards** but recognized that such a strategy represents a
token commitment that does not accurately classify all work env.ronments.* The
ability of industrial hygienists to select reliably one or more MREs from an expo-
sure group has also been questioned by several researchers. Nonetheless, for initial
evaluations or when resources are limited or resampling intervals are broad, the
MRE concept is both recommended and commonly used by industrial hygienists as
a means of efficiently determining the acceptability of the work environment for
members of an exposure group.047-49.71.85

Group-Based Exposure Assessment Strategies

Corn and Esmen* described an exposure assessment strategy based on the con-
cept of an exposure group or, as they called it, an “exposure zone.” Basically, workers
are aggregated on the basis of work similarity, exposure agent(s), environment similar-
ity, and identifiability. A single exposure measurement is collected from each of n ran-
domly selected workers per exposure group and a standardized exposure parameter
phi is calculated. The phi value (basically a Z-value) permits one to estimate the frac-
tion or number of employees expected to have exposures in excess of the OEL.%05! If
the expected number is one or greater, “a hygienic problem exists”® and should be ad-
dressed. This strategy was designed so that a decision is reached for each exposure
group with a limited number of measurements. The measurements obtained from the
group are believed to characterize the work performed by each group member and
therefore can be extrapolated to all members of the exposure group, measured or not.

Similar strategies have been described by others.3!:%65253 Roach3! described a
“health risk surveillance” strategy in which the exposures for a reasonably homoge-
neous “job-exposure group” are acceptable if they are “consistently below one-third
the exposure limit.” Still and Wells>? acknowledged the efficiencies of the “screen-
ing” sample approach (basically the MRE-based strategy discussed above) but
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leaned toward collecting sufficient measurements to estimate the 95th percentile ex-
posure and its 95% upper confidence limit (the 95% upper tolerance limit), which
would be compared with the TWA OEL. The AIHA Exposure Assessment Strategies
Committee’® added the concept of the “homogeneous exposure group” (HEG). An
HEG is an exposure group in which the workers have “identical probabilities of ex-
posure to a single environmental agent,” although on any single day the exposures
will vary. For an initial or baseline evaluation, the industrial hygienist should ran-
domly select 6-10 workers per HEG and collect 6-10 measurements over a rela-
tively short period. The industrial hygienist then analyzes the data and decides,
using a combination of “statistical analysis and professional judgment,” whether the
“exposures demonstrate an acceptable work environment.”>* Exposures for an HEG
are usually deemed acceptable if it is highly likely that 90 or 95% of the measure-
ments are less than the OEL (determined by using upper tolerance limits). After the
baseline data are collected, the adequacy of the “HEG assumption” can be deter-
mined by qualitatively examining the linearity of the log-probability plot of the ex-
posure data. However, such a procedure primarily addresses the assumption that the
data are lognormally distributed. The committee provided no criteria or objective
procedures for determining whether a particular combination of workers and
“process/agent/task” results in reasonably homogeneous exposures.

The European standard for exposure assessment adopted by the Comité
Européen de Normalisation (CEN)* is also based on the HEG concept. CEN ack-
owledges that within an HEG exposures are subject to both “random and system-
atic” variation and provides a “rule of thumb” for assessing group homogeneity.*
This standard contains simple decision rules for classifying each exposure measure-
ment collected from an HEG. However, if six or more measurements are randomly
collected, one can use statistics to estimate the probability of overexposure for indi-
viduals within the HEG. CEN suggests that if this probability is less than 0.1% and
the work environment is reasonably stable, exposure monitoring can be reduced or
eliminated until a significant change occurs. If this probability exceeds 5%, correc-
tive action should take place. Otherwise, periodic monitoring should be used to con-
firm that the point estimate of the probability of overexposure remains less than 5%.

These strategies are obviously best suited to exposure groups that are reason-
ably homogeneous; that is, systematic differences among the individual exposure
distributions of the group members are minor. If the exposure group is heteroge-
neous, with large systematic differences among individuals, such a strategy may
miss group members who are routinely overexposed.>> With the usual number of
measurements collected per exposure group, one often has to accept on faith that
the exposure groups are reasonably homogenous. Several researchers have shown
that exposure groups often have a great deal of between-worker variability.57-5
Consequently, this assumption may not be valid without an analysis of objective
data.>®

The overall goal remains the assessment of exposures for the individual worker,
albeit in an indirect fashion. For the sake of efficiency,® it is assumed that exposures
collected from the exposure group and inferences from the analysis of said exposures
can be applied to any and all members of the exposure group.3¢485052 This assumption
is valid to the extent that the exposure group is reasonably homogeneous.

MODELS OF COMPLIANCE FOR CHRONIC DISEASE AGENTS
What does it mean to be “in compliance” with a TWA OEL? This question can

be addressed by looking first at the distribution of shift average exposures (i.e., the
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distribution of TWAs) and next at the distribution of short-term exposures within a
single shift.

Between-Shift Control Models

Figure 1 illustrates the between-shift variation expected in a minimally con-
trolled work environment for an individual worker. Overexposures are infrequent,
and the long-term mean is a fraction of the TWA OEL. There are basically two be-
tween-shift control models: the indirect and the direct. The commonly applied indi-
rect control model holds that the distribution of exposures for an individual worker
is controlled when overexposures occur infrequently. Several authors and authorita-
tive sources recommend that the exceedance fraction (fraction of measurements
above the OEL) should be no more than 0.05.2!:364048.525561 For example, NIOSH%
stated the following goal for an effective exposure assessment program: “In statisti-
cal terms, the employer should try to attain 95% confidence that no more than 5% of
employee days are over the standard.”

Along similar lines OSHA indicated that a well-designed exposure sampling
strategy that results in “95% certainty” that employees are exposed below the PEL
provides “compelling evidence that the exposure limits are being achieved.”
Although not stated with the rigor that a statistician would desire, OSHA’s intent is
clear: compelling evidence that compliance is routinely achieved can be developed
by a statistical analysis of exposure measurements. For example, the often used one-
sided upper tolerance limit test, in which one is 95% confident that 95% of the mea-
surements are less than the OEL, is consistent with the NIOSH statement and may
be considered “compelling evidence,” as mentioned by OSHA.

Figure 2 shows several exposure distributions that may be considered mini-
mally ‘acceptable” according to the indirect control model. The range of GSDs
(1.5-3.0) covers the range of most within-worker GSDs commonly observed in
practice.
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FIGURE 1. Simulated time series of 8-hour TWA exposures depicting a “controlled” work
environment. Single shift excursions above the TWA OEL are “infrequent” and the long-term
mean is approximately '3 (TWA OEL).
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FIGURE 2. “Indirect control” model. Hypothetical single shift limit, or OEL, is set at |. The
exceedance fraction is fixed at 0.05 for each distribution.

GSD Mean % > OEL % > OEL' % >15+0EL % >2+O0EL
1.5 0.56 5% 2.3% 0.4% <0.1%
2.0 0.41 5% 3.2% 1.3% 0.4%
3.0 0.30 5% 3.8% 2.2% 1.1%

(The effective OEL, or OEL, is the critical value for issuing a citation (assuming CVy =0.1): OEL' =
OEL°*(1+1.645°CV)=1.16=1(1+1.645+CVq)=1.16.)

The direct control model requires that the distribution of exposures for a
worker be controlled to the point that the distribution mean is some fraction of the
TWA OEL. For example, the AIHA% suggests that a “typical LTA (i.e., long-term
average exposure limit) may be one-third of an 8-hr PEL.”%2¢3 Roach and
Rappaport® suggest that exposures be controlled so that the long-term average ex-
posure is one-tenth or one-fourth of the applicable ACGIH TLYV, thus limiting the
fraction of overexposures to 0.01-0.05. Figure 3 shows several exposure distribu-
tions that may be considered minimally acceptable according to the direct control
model. The mean of each distribution is controlled to an LTA OEL set at !/3 - OEL,
as suggested by the AIHA. The exceedance fraction varies from 0.002-0.061, de-
pending on the underlying distribution.

Both models have limitations. The indirect control model has two chief limita-
tions: (1) the long-term mean exposure is controlled to different levels, depending on
the underlying GSD, and (2) the long-term mean exposures for distributions with
GSDs less than 1.5 will exceed half of the TWA OEL and even approach the OEL for
extremely low GSDs. Because this control model is commonly used, this Imitation
points to the need for risk assessors to indicate clearly the long-term goal of a single-
shift TWA OEL for a chronic disease agent. For example, routine compliance with a
single-shift TWA OEL should result in a long-term, multiyear average exposure of
each exposed employee that is no more than a specific fraction of the single-shift
OEL, regardless of the underlying variability of exposures. The direct control method
has several limitations: (1) single-shift exposures are occasionally expected to exceed
greatly the TWA OEL for exposure distributions having GSDs greater than roughly
three; (2) low variability distributions may be perceived as “overcontrolled;” and (3),
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FIGURE 3. “Direct control” model. Hypothetical single shift limit, or OEL, is set at 1. The long term
OEL is fixed at ¥4 the single shift OEL, per the recommendation of the AIHA %

GSD Mean % > OEL % > OEL' % >15+0EL % >2+OEL
1.5 0.333 0.2% <0.1% <0.1% <0.1%
2.0 0.333 2.7% 1.6% 0.6% 0.2%
3.0 0.333 6.1% 4.6% 2.7% 1.5%

(The effective OEL, or OEL, is the critical value for issuing a citation (assuming CVy = 0.1): OEL' =
1(1 + 1.645 « CVq) = 1.16.)

in general, more measurements and time are necessary to determine whether expo-
sures are controlled in relation to a long-term mean standard.

In reality, which model is adopted for an existing TWA OEL is largely acade-
mic. Convincing many employers to practice effective risk management by any
model appears to be the major problem facing regulatory agencies. For the range of
GSDs considered, either model, if effectively applied, will control an individual
worker’s long-term average exposure, i.e., the average TWA, to roughly half or less
of the TWA OEL and limits single shift excursions above the OEL to a low percent-
age.* Either model also reduces the probability of a citation to less than 5% for an
individual worker. For example, the legends of Figures 2 and 3 contain estimates of
the fraction of exposures above the effective OEL, or the citation value.55 These esti-
mates range from less than 0.1% to 4.6% for the underlying GSDs considered. In
summary, a minimally controlled distribution of exposures, using either model, con-
trols to arguably acceptable values the long-term mean, single-shift excursions
above the OEL and the probability of a citation.

A third compliance model, advanced in recent years, is mentioned only for the
sake of completeness. This model focuses on characterizing the distribution of indi-
vidual long-term mean exposures within an exposure group.®®$’ Implementation, as
envisioned by Rappaport et al.,’” requires repeat measurements from 10 or so work-
ers per exposure group and uses a complex analysis procedure. Basically, the goal of
this model is to control the probability that any single worker’s long-term mean ex-
ceeds a LTA OEL to a low value (e.g., 0.10, as recommended by Rappaport et al )
In principle, it is incorrect to apply this model to a TWA OEL,; it is designed for de-
termining compliance with an LTA OEL.
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Within-Shift Control Model

The ACGIH recommends excursion limits for controlling within-shift expo-
sures. The excursion limits and the supporting documentation readily permit the
construction of a control model for the within-shift distribution of exposures.
Basically, the ACGIH believes that within-shift excursions can be controlled in the
majority of work environments so that short-term exposures, typically measured
over 15-minute intervals, infrequently exceed three times the TWA TLV and rarely,
if ever, exceed five times the TWA TLV. Figure 4 illustrates a minimally controlled
distribution of within-shift exposures according to ACGIH recommendations. The
ACGIH does not require routine assessment and control of TWA exposures with
short-term measurements. The excursion limits appear to be directed at describing
good practices and preventing abuse of the TWA TLV concept (discussed later).
OSHA adopted a similar approach in the recently revised asbestos standard®®:
“Excursion limit. The employer shall ensure that no employee is exposed to an air-
borne concentration of asbestos in excess of [10 times the PEL] as averaged over a
sampling period of thirty (30) minutes.”

Interpretation of One or More Overexposures

The above models of compliance are useful for constructing a mental concept
of what the distribution of exposures should look like for each employee. Sufficient
exposure measurements for estimating, either by log-probability plotting or through
a histogram, the distribution of exposures for any single exposure group are often
unavailable, let alone sufficient measurements for characterizing the distribution of
exposures for any single employee.® Figure 5 depicts a time series of 36 consecu-
tive TWA measurements for a worker exposed to inorganic lead.” These measure-
ments were collected as part of a research project. The single overexposure, when
compared with the 1995-1996 ACGIH TLYV for inorganic lead, is not likely to be a
cause for great concern when considered in context with the other 35 measurements
(the average measurement was 37% of the TLV). However, if only the measurement
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FIGURE 4. Simulated 15-minute short-term (average) exposures across a single 8-hour

workshift where the within-shift exposures are minimally controlled (short-term excursions
above 3 ¢« OEL are infrequent and the TWA OEL is not exceeded).
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FIGURE 5. Consecutive measurements of airborne inorganic lead for “Worker A” of Cope
etal.¥’

on day 17 were available, how would one or more overexposures be interpreted for
purposes of effective risk management?

Authoritative sources recommend investigation of each overexposure, 3! 404749525571
The exceedance fraction calculations in the legends for Figures 2 and 3 suggest that in
controlled work environments random exposures above the TWA OEL and, for exam-
ple, 1.5 or 2 times the TWA OEL are infrequent to rare. Therefore, any over-exposure
in which the number of measurements is small should be a cause for concern. Also, the
work of Nicas et al.” suggests that overexposures should not be blamed on measure-
ment error. Simply put, each overexposure should be investigated.” If compelling or
convincing past exposure data’™ suggest that the overexposure is most likely an anom-
aly, it is reasonable to take no action beyond merely documenting the investigation.
However, if no rational explanation can be found for the overexposures, one is com-
pelled to conclude that a systematic change of some sort may have occurred, after all,
in a controlled work environment overexposures should be rare to infrequent (for ex-
ample, see Figs. 2 and 3). Follow-up actions may consist of fine tuning existing con-
trols, installation or modification of controls, or evaluation of individual work
practices. In any case, additional measurements are usually warranted to verify the
need for additional controls or to evaluate the effectiveness of any intervention.

Criticisms and Defense of Occupational Exposure Levels

The ACGIH TLVs have been criticized for not being based on a rigorous risk as-
sessment process and for being subject to industry influence.2664757 The ACGIH2""
defended its policies, arguing that much of the criticism was either unwarranted or
unsupported and that, in the absence of better documented or more rigorously devel-
oped standards, TLVs have long served to assist occupational health professionals in
assessment and control of exposures.

Although many TLVs have since been revised downward and hundreds more
added, OSHA continues to enforce the 1968 TLVs as permissible exposure limits
(PELSs). Despite the fact that the PELs are out of date and badly in need of revision,
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several researchers#344787 have argued that in adopting the 1968 ACGIH TLVs,
OSHA improperly defined the PELs for chronic disease agents as control limits on the
average exposure across each shift rather than limits on the working-lifetime average
exposure. However, such views appear to be in the minority. Stokinger,8# Roach et
al.,® and the many other authorities discussing the ACGIH TLVs provide abundant ev-
idence that TWA TLVs, and by extension TWA PELs, were and are intended to be in-
terpreted, for purposes of risk management, as upper limits for each TWA exposure 2
Practicing industrial hygienists routinely interpret ACGIH TLVs and OSHA PELs as
upper limits for the average exposure of each employee across each shift.364048:49.50.52
Furthermore, in the preface of the 1968 TLV booklet the ACGIH® clearly stated:

(1) Time-weighted averages permit excursions above the limit provided they are
compensated by equivalent excursions below the limit during the workday [emphasis
added).®

(2) Enlightened industrial hygiene practice inclines toward controlling exposures
to below the limit rather than maintenance at the limit.

Nonetheless, the notion that OSHA “got it wrong” continues to be discussed.

Misinterpretation and Misuse of the Concept
of Occupational Exposure Levels

There are numerous ways in which the OEL concept can be misinterpreted or
misused:

» Interpreting OEL:s as “fine lines between safe and dangerous”

* Using an 8-hour TWA OEL to assess short-term exposures

» Using 8-hour TWA OELs to devise community air quality standards

» Applying 8-hour TWA OELs to “novel” work schedules

» Comparing an exposure group’s average exposure to a TWA OEL

» Extending the averaging time from a single shift to multiple shifts

* Interpreting the TWA OEL as a long-term average (LTA) OEL
Stokingers®848° mentioned several ways in which the ACGIH TLVs were misinter-
preted and misused. First, some interpreted the TLVs as “fine lines between safe and
dangerous concentrations.” One or a few TWA measurements that are just under
the TLV do not imply that exposures are adequately controlled during the remaining
unmeasured shifts. Second, some were using 8-hour TWAs to assess short-term ex-
posures. The TWA TLVs are not appropriate for high-exposure tasks that last only a
fraction of the shift. For example, if a task lasts only 30 minutes, it is not permissible
to permit up to16 times the TWA TLYV, even if the daily average is less than or equal
to the TWA TLV. Beginning in the early 1970s, the TLV committee felt compelled to
recommend specific within-shift excursion limits to prevent this type of abuse. For
example: “Excursions in worker exposure levels may exceed 3 times the TLV-TWA
for no more than a total of 30 minutes during a workday, and under no circumstances
should they exceed 5 times the TLV-TWA, provided that the TLV-TWA is not ex-
ceeded.”' Finally, TLVs were occasionally applied to community or environmental
exposures. The TLVs were designed for healthy, working populations and shouid
not be used for “limiting pollutants in urban community air” where exposures are 24
hours per day and susceptible subpopulations are affected.”

Brief and Scala®® noted that the TLVs were designed for a traditional 8-hour
work shift and 40-hour workweek. They proposed a conservative method for reduc-
ing the TLVs to reflect a “novel” work schedule. Extended workshifts and/or more
than 40-hours of exposure per week reduce the recovery time for each worker and
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“stretch the reliability and even viability of the data base for the TLV.”% The
ACGIH®' recommends that, among other models, the Brief and Scala model be used
as guidance for reducing the TLV during a nontraditional work schedule. OSHA
adopted a simpler scheme for the 1978 lead and the 1994 cadmium PELs.

Occasionally industrial hygienists compare the average exposure of an expo-
sure group to a TWA OEL. This practice changs the OEL’s target from the individual
worker to the exposure group and is valid to the extent that the exposure group is ho-
mogeneous. For a group in which there are systematic and significant differences
between worker exposures, a practice of routinely comparing the group average ex-
posure to an OEL may permit some workers to be routinely overexposed.?! Such a
practice was considered and rejected by NIOSH® as a valid technique for determin-
ing compliance with legal OELs except under the extraordinary circumstance when
the overall GSD for the exposure group is 1.15 or less (meaning that, for practical
purposes, the exposure group is truly homogeneous).%

An OEL can be weakened by extending the averaging time for a single mea-
surement from a single shift to multiple shifts.* For example, a practice of compar-
ing the average of n TWAs to an OEL in effect creates an OEL’ defined as the
average of n TWA measurements, which is contrary to the intended interpretation of
the OSHA TWA PELs, NIOSH TWA RELs, and ACGIH TWA TLVs. Such a prac-
tice explicitly permits frequent single-shift overexposures and creates an OEL’ that
does not provide the level of protection inherent in the original OEL. When issuing
the 1978 final lead PEL, OSHA explicitly forbade multishift averaging:

The proposed standard expressed the PEL as an 8-hour, time-weighted average
“based on a 40-hour week.” This [language] has been deleted [from the final standard]
to avoid ambiguity since it was misconstrued by some commenters as a conversion of
the PEL to a 40-hour average.%

The ACGIH®'* expressly forbids redefining the TLVs: “it is not appropriate for
individuals or organizations to impose on the TLVs . . . their concepts of what the
TLVs . .. should be or how they should be applied.” Although it is abundantly clear
to most practicing industrial hygienists that the TWA TLVs are defined as limits for
cach TWA exposure, a minority insist that the TWA TLV's represent long-term, even
lifetime average exposures. Such a view basically redefines the TWA TLVs, extend-
ing the averaging time from a single shift to months or years or even the employee’s
working lifetime. Because the long-term average exposures permitted by this prac-
tice can be double or more over those that result when the TLV is properly inter-
preted as an upper control limit for each TWA, the level of protection provided by
such a modified TLV cannot possibly equal the level of protection provided by the
original TLV. Because OSHA’s TWA PELs and NIOSH’s TWA RELs are clearly de-
fined as upper limits for each single-shift average exposure (TWA), it is clearly in-
appropriate to manage exposures as if they represented limits on long-term, average
exposures.

SOURCES OF OCCUPATIONAL EXPOSURE LEVELS

The number of chemicals found in the nation’s workplaces is literally in the
tens of thousands.!" However, OELs have been established for only 2000 or so sub-
stances. In general, plant industrial hygienists look to OSHA and MSHA for legal
OELs and to the ACGIH, AIHA, and NIOSH for authoritative OELs. In the absence
of a legal or authoritative OEL, many corporations devise internal or corporate
OELs."
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American Conference of Governmental Industrial Hygienists

The history of the ACGIH and TLVs has been well described elsewhere.8097
The ACGIH TLYV list now contains over 700 recommended exposure limits for sub-
stances ranging from simple irritants to chronic disease agents and carcinogens. The
ACGIH TLV committee consists primarily of professionals recruited from the ranks
of government (federal and state) and academia. It is well known that for decades
the TLVs represented the only available exposure guidelines and before the creation
of OSHA, MSHA, and NIOSH served well the occupational health community.
Given the lengthy process required to update each OSHA PEL, the current TLVs are
considered by many to represent the best available information on acceptable expo-
sures for the majority of the listed substances.

The ACGIH TLVs for airborne substances are defined as upper limits for the
average concentration across the indicated averaging time. For substances with
acute or short-term effects, the ACGIH recommends a short-term exposure limit
(STEL).*® The averaging time for this limit is 15 minutes. For slower-acting sub-
stances or substances that produce a chronic effect, the ACGIH recommends a TWA
TLV. The averaging time for this limit is a single shift (8 hours). The ACGIH recom-
mends that TWA TLVs be reduced when workshifts are longer than 8 hours and/or
the work week consists of more than 40 hours.

ACGIH® introduces the TLVs with what is basically a risk assessment state-
ment: “[TLVs] refer to airborne concentrations of substances and represent condi-
tions under which it is believed that nearly all workers may be repeatedly exposed
day after day without adverse effects.” The ACGIH TLV committee believes that
routine exposures at the level of the TLV will be protective but allows that a small
percentage of workers may develop occupational illness. Consequently, one can be
reasonably confident that this statement will hold true for an individual worker by
ensuring that exposures are routinely maintained beneath the TLV. Thus, for risk
management purposes, the ACGIH®' defines the TWA TLVs as limits for the average
exposure across each 8-hour shift. Stokinger?* recommends that users consult the
documentation for each TLV to determine the basis for the TLV and the “safety
factor,” if any, inherent in each TLV. For example, the 1971 documentation for the
crystalline silica TWA TLV leaves no doubt about the TLV committee’s intentions®:
“The margin of safety of the quartz TLVs is not known. In the documented exam-
ples of virtual silicosis elimination, concentrations have averaged well below the
TLV. It is suggested that quartz concentrations be maintained as far below the TLV
as current practices will permit.”

A nearly identical caution is given in the 1991 documentation.** The 1971 docu-
mentation for coal dust reveals that the TWA TLV was based on the interim results of
a long-term study of British coal workers. The authors of the study estimated that 35
years of exposure at 2.2 mg/m? was correlated with a near zero probability of cate-
gory 2 pneumoconiosis. The 1991 documentation® for b